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Self-assembled hexagonal double fishnets as negative index materials
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We show experimentally the use of nanosphere lithography for fabricating negative index
metamaterials in the near-infrared wavelength range. We investigated a specific implementation of
the widely studied double fishnet metamaterials, consisting of a gold-silica-gold layer stack
perforated by a hexagonal array of round holes. Tuning of the hole diameter allows to tailor these
self-assembled materials as single- or double negative metamaterials. © 2011 American Institute of

Physics. [doi:10.1063/1.3560444]

Since the introduction of negative index materials
(NIMs) by Veselago1 and the discovery of the possibility of
realizing subwavelength resolution for imaging devices
based on these metamaterials by Pendry,2 many different de-
signs have been proposed to make the “perfect lens” dream
reality. A widely studied geometry in the visible and near-
infrared (NIR) wavelength range is the double fishnet (DFN)
structure,sf7 which consists of a stack of metal-insulator-
metal (MIM) layers perforated by a periodic array of holes.
The pioneering work by Dolling et al.* demonstrated the
reversal of the phase velocity, and more recently, also nega-
tive refraction was observed in a multilayer fishnet prism
structure.® The behavior of these NIMs is governed by a
magnetic resonance that is excited in the MIM cavities in
between the holes and the negative permittivity (€) of the
metal layers.9 At the magnetic resonance, plasmons are ex-
cited on the top- and bottom interface of the insulator layer
of the MIM cavities, which give rise to a strong magnetic
dipole resonance that lowers the effective permeability (u)
which can even reach negative values. Simultaneously nega-
tive values for € and u give rise to a negative value for the
refractive index (n). Based on the real parts (') of the effec-
tive parameters of the metamaterial, NIMs can be classified
as single-NIMs or double NIMs (SN-NIMs with €' <0 and
p' >0 while n’ <0 and DN-NIMs with € <0 and u' <0
while n’ <0). The figure of merit (FOM) for NIMs is defined
as the amplitude ratio between the real (') and imaginary
(") part of n (FOM=|n'/n"|). Depending on the SN or DN
nature of the NIM, low (SN) or high (DN) values of the
FOM are observed. A major drawback of most structures
reported to date is that the fabrication involves expensive and
low-throughput lithography steps such as e-beam lithography
(EBL) or focused ion beam milling, which limits the poten-
tial usage of these metamaterials in large-scale applications.

Here we show that we can circumvent this limitation by
using nanosphere lithography (NSL), which allows to create
large-area DFN metamaterials consisting of a MIM layer
stack perforated by a hexagonal array of holes. The hole
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pattern is generated using a self-assembled close packed
monolayer of 550 nm polystyrene (PS) beads. The pitch of
the holes can be tuned by the bead size, while their diameter
can be tuned by the bead shrinking step, which allows us to
create both SN- and DN-NIMs. Moreover, our fabrication
procedure based on ion beam etching (IBE) enables an in-
crease in the overall layer thickness of the NIM, which paves
the way to multiple functional layers. The sample geometry
is illustrated in (Fig. 1). The structure consists of a
Au-SiO,-Au MIM stack (60-60-60 nm) perforated with a
hexagonal array of round holes on top of a glass substrate.
The samples were fabricated by NSL using 550 nm PS
beads. The MIM layers are sputtered onto the glass substrate
and subsequently covered with MET-2D (Ref. 10) resist. The
resist layer is covered with a 10 nm Au protection layer by
sputtering. On top of these layers, a hexagonal close-packed
monolayer of PS beads is deposited by spincoating, yielding
particle arrays up to 100X 100 wm? that have a single lattice
orientation and a small number of defects. The PS beads are

FIG. 1. (Color online) (a) Schematic sample structure. (b) Unit cell for
simulations (dimensions for the NSL/EBL samples), D is the diameter and «
the 20° sidewall angle of the holes. Detailed scanning electron microscope
picture of the NSL sample (c) and a perfectly ordered domain with some
defects (d).
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FIG. 2. (Color online) Measurements
and simulations for a self-assembled
hexagonal DFN. (a) Measured (full
lines) and simulated (dotted lines) re-
flection and transmission spectra with
different damping. (1,2,3X=number
of times the bulk imaginary € of Au).
(b) and (d) show the magnetic field in-
tensity plot at the 825 nm and 980 nm

resonance, respectively. (c) and (e)
1 show the charge density plot at the 825
nm and 980 nm resonance, respec-
tively. (f) Simulated real part of n and
the FOM for different damping in the
Au layers. (g) Simulated effective pa-
rameters: € and wu’ for different
damping in the Au layers.
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fixed on the substrate by a short annealing step and subse-
quently the beads are shrunk using O,-plasma etching. In this
step the Au protection layer prevents etching of the resist
layer. The PS beads serve as a template for the hole array,
when we cover them by evaporation with a 5 nm Ti layer,
followed by a lift-off of the beads in toluene. The hole pat-
tern is transferred into the Au protection layer by IBE and
into the resist layer by O,-plasma etching. Next the pattern is
transferred from the resist into the MIM by IBE [introducing
a sidewall angle, see Fig. 1(b)], while the remaining resist is
removed using an O,-plasma etch. For reference purposes
we made samples by EBL. The NSL step is replaced by
e-beam exposure (without sacrificial Au layer) and develop-
ment of the MET-2D resist. The hole pattern is etched into
the MIM stack by IBE and the remaining resist is removed
using O,-plasma etching.

The optical response of our samples was modeled using
finite-difference time domain simulations.'' A rectangular
unit cell with periodic boundary conditions was used [Figs.
1(a) and 1(b)]. The complex fields on the top and bottom
surface of the MIM trilayer structure were averaged over the
unit cell (homogenization) in order to extract the effective
material parameters,12 taking into account the bianisotropy
(sidewall angle of holes) of the samples. In that way, the
complex effective parameters (n, Z, €, and w) and the FOM
were calculated (for details see Ref. 13). While this method
is often debated in literature, we believe that for the case of
perpendicular incidence, the bianisotropy correction in the
propagation direction is sufficient to qualitatively describe
the behavior of these NIMs.

An overview of the optical response of the self-
assembled hexagonal DFN with a hole diameter of 270 nm
and a pitch of 550 nm is given in Fig. 2. The measured and
simulated transmission and reflection data [Fig. 2(a)] show
two pronounced resonances which exhibit good qualitative
agreement. The corresponding magnetic field intensity plots
[Figs. 2(b) and 2(d)] and charge density plots [Figs. 2(c) and

900 1000 1100

Wavelength (nm)

2(e)] provide good insight in the nature of these modes. The
magnetic field intensity plots show the out-of-plane field
component in a cross section of the MIM layer stack. This
perpendicular component is a good measure for the excita-
tion of surface plasmons, and illustrates how the first mode at
825 nm [Fig. 2(b)] is confined at the interface between the
bottom Au layer and the substrate, while the second mode at
980 nm [Fig. 2(d)] is confined on the top and bottom inter-
faces of the SiO, layer. The corresponding charge density
plots show that for the first mode [Fig. 2(c)] parallel and for
the second mode [Fig. 2(e)] antiparallel displacement cur-
rents are excited in the Au layers of the MIM cavity. The
second mode clearly shows a strong magnetic resonance
[Fig. 2(d)] where an out-of-phase magnetic dipole (with re-
spect to the incident plane wave) is excited in the SiO, of the
MIM cavity, and that gives rise to a strong decrease in the
effective u’ of the metamaterial. In combination with the
negative €' of the Au layers, this results in a negative value
for n'. The effective material parameters extracted from
simulations are summarized in [Figs. 2(f) and 2(g)]. We first
carried out the extraction with the bulk properties of Au (Ref.
14) and then gradually increased the €” (up to three times the
bulk value), to compensate for fabrication imperfections and
interface roughness. When increasing €” of the Au layers, all
resonances are damped (decreased amplitude) and broadened
while maintaining their spectral position. This damping is
also reflected in the extracted effective parameters, which
show a decrease in the resonance amplitude as €’ of the Au
layers is increased. Smaller absolute values for n’ and larger
values for n” are obtained, resulting in a decrease in the
FOM [Fig. 2(f)]. The resonances in the effective €’ and u’,
are also decreased in amplitude [Fig. 2(g)]. When comparing
the measured spectra with simulation data, we clearly ob-
serve that for the first resonance, the bulk damping coeffi-
cients give us the best fit, which can be explained by its
nature. The mode is dominated by the bottom hole cavity and
plasmons excited at the interface between the substrate and
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FIG. 3. (Color online) Reflection and transmission spectra for EBL based
hexagonal DFNs with 150 nm=D =300 nm. Measured reflection (a) and
transmission (b). Simulated reflection (c) and transmission (d).

the bottom Au layer [Fig. 2(b)]. Since the substrate rough-
ness is much smaller than the roughness of the sputtered
MIM layers, we do not expect much additional damping on
top of the bulk material properties.15 For the magnetic reso-
nance on the other hand, we see more damping in the mea-
surement than for the simulation with the bulk Au parameters
(1X). When increasing €’ (2X and 3X) in the simulations, we
clearly see the modes becoming less pronounced, which is
most apparent in the transmission spectrum near the mag-
netic resonance. The steplike behavior is observed in all
simulations but the sharp edge that is observed for the bulk
€’ becomes less steep as the damping is increased. Therefore,
the steplike behavior in the transmission spectrum is a good
measure to determine the importance of damping, by fitting
the measured spectrum to the simulated spectra with differ-
ent values of the €. In practice, we search for qualitative
correspondence of the shape of the magnetic resonance to
determine the most appropriate damping. Based on experi-
mental results for various hole sizes, we suggest that dou-
bling the €’ of the Au layers is sufficient to account for the
increased damping due to surface roughness and the nano-
scale dimensions of the metamaterial. Again, the increased
damping can be understood from the nature of the resonance.
At the magnetic resonance, plasmons are excited on the top
and bottom of the SiO, spacer, which are more prone to
surface roughness, as these are created by sputtering.1
Figure 3 shows an overview of the measured and simu-
lated transmission and reflection spectra for a batch of
hexagonal DFNs, fabricated by EBL, with 150 nm=D
=300 nm and a pitch of 500 nm. The measured spectra
show good agreement to the simulated spectra, in which bulk
material parameters were used. For all samples, the two main
modes of the structure can be clearly observed, and show the
expected wavelength shifts with respect to the diameter. The
first resonance between 750 and 800 nm shows a redshift
with increasing diameter, which is related to the cut-off of
the hole transmission. As the hole size is decreased, the re-
sulting decrease in transmission is smaller for shorter than
for longer wavelengths, due to the nonlinear dependence of
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the transmission beyond the cut-off frequency of the hole
waveguide.16 The second mode between 900 and 950 nm
shows a blueshift with increasing diameter. As this mode is
related to the excitation of plasmons9 on the interfaces of the
Si0, layer, the blueshift with increasing diameter can be at-
tributed to decreasing MIM cavity length.

All samples shown in Fig. 3 exhibit negative values for
n' around the magnetic resonance. The strength of the mag-
netic resonance is different for the various hole sizes, and the
strongest resonance is observed for a diameter of 250 nm,
which is the only sample that exhibits DN behavior (using
double €”).

When we compare the measured spectra for NSL
samples [Fig. 2(a)] and EBL samples [Figs. 3(a) and 3(b)],
we observe some minor differences. Both sample types show
broadening of the measured resonances with respect to the
simulated spectra, but the broadening is more pronounced for
NSL samples (Q-factor of about 15 versus 20 for EBL). This
can be attributed to line defects and missing holes, but also
to size variations in the PS beads and imperfect hole shapes
due to the shrinking step.

To summarize, we have shown the feasibility to use NSL
for the fabrication of large area metamaterials that exhibit a
negative value of the refractive index in the NIR wavelength
range. Depending on the hole diameter, the metamaterials
can be tuned to be SN or DN in nature. Moreover, we have
shown that the damping of the resonances due to the nano-
scale structure and fabrication imperfections seems to be
smaller compared to earlier works, and should in our case
only be taken twice as large as the bulk permittivity for Au in
order to allow extraction of effective material parameters.
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